Background and Objective: Cilia-driven mucociliary clearance is an important self-defense mechanism of great clinical importance in pulmonary research. Conventional light microscopy possesses the capability to visualize individual cilia and its beating pattern but lacks the throughput to assess the global ciliary activities and flow dynamics. Optical coherence tomography (OCT), which provides depth-resolved cross-sectional images, was recently introduced to this area. Materials and Methods: Fourteen de-identified human tracheobronchial tissues are directly imaged by two OCT systems: one system centered at 1,300 nm with 6.5 mm axial resolution and 15 mm lateral resolution, and the other centered at 800 nm with 2.72 mm axial resolution and 5.52 mm lateral resolution. Speckle variance images are obtained in both cross-sectional and volumetric modes. After imaging, sample blocks are sliced along the registered OCT imaging plane and processed with hematoxylin and eosin (H&E) stain for comparison. Quantitative flow analysis is performed by tracking the path-lines of microspheres in a fixed cross-section. Both the flow rate and flow direction are characterized. Results: The speckle variance images successfully segment the ciliated epithelial tissue from its cilia-denuded counterpart, and the results are validated by corresponding H&E stained sections. A further temporal frequency analysis is performed to extract the ciliary beat frequency (CBF) at cilia cites. By adding polyester microspheres as contrast agents, we demonstrate ex vivo imaging of the flow induced by cilia activities of human tracheobronchial samples. Conclusion: This manuscript presents an ex vivo study on human tracheobronchial ciliated epithelium and its induced mucous flow by using OCT. Within OCT images, intact ciliated epithelium is effectively distinguished from cilia-denuded counterpart, which serves as a negative control, by examining the speckle variance images. The cilia beat frequency is extracted by temporal frequency analysis. The flow rate, flow direction, and particle throughput are obtained through particle tracking. The availability of these quantitative parameters provides us with a powerful tool that will be useful for studying the physiology, pathophysiology and the effectiveness of therapies on epithelial cilia function, as well as serve as a diagnostic tool for diseases associated with ciliary dysmotility.
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INTRODUCTION
Motile cilia are microscale protrusions from ciliated epithelium. They are found in the linings of various human organs such as the respiratory tract, fallopian tubes, epididymis, and middle ear, and are essential for organizing mucous or water flow across the epithelial surface [1, 2] . For example, the coordinated movements of motile cilia of the tracheobronchial epithelium generate a constant airway mucous flow towards the larynx [3] . Thus, inhaled pathogens and particulate matter trapped by the airway mucus can be removed by swallowing or coughing. This process also known as mucociliary clearance (MCC) is an important selfdefense mechanism of the respiratory system [4] . Failure of MCC, which is found in patients that suffer from primary ciliary dyskinesia (PCD) [5] , cystic fibrosis (CF) [6] , and chronic obstructive pulmonary disease (COPD) [7] , often leads to chronic infections and impaired lung function [8, 9] .
Conventional light microscopy and confocal microscopy have been widely used for direct visualization of cilia and measurement of related parameters such as ciliary beat frequency (CBF) [10] . However, due to the inherent limits on the spatial-bandwidth product imposed on high numerical aperture (NA) system, the field-of-view of the aforementioned technology is inadequate to evaluate more global parameters such as (im)motility index [11, 12] , CBF statistics, flow pattern, and depth-resolved flow rate at a high throughput.
Recently, optical coherence tomography (OCT) has been applied to study the human respiratory system [13] [14] [15] and the MCC in specific, thanks to its cross-sectional imaging capability and fast imaging rate. Like conventional light microscopy, an OCT image can be used to directly assess ciliary motion. Liu et al. used spectral domain (SD) high-resolution micro-OCT which enabled direct visualization of ciliary activities on cultured human bronchial epithelial (HBE) and swine trachea samples. The motion pattern of cilia and CBF were directly extracted from the intensity image [16] . The latest work by the same group presented an in vivo animal study, in which they quantitatively measured the mucociliary transport rate [17] . Although not every OCT possesses the high resolution to allow for the resolution of individual cilium, it is still possible to extract parameters from ensemble measurements. Oldenburg et al. presented a quantitative imaging of mucus flow and a semiquantitative analysis of CBF [18] , Wang et al. reported an in vivo mapping of cilia located in mouse oviduct using a similar method [19] . Moreover, it is also possible to increase the contrast and study the flow dynamics by adding exogenous agents. Jonas et al. proposed an OCT based particle tracking velocimetry (PTV) to characterize the cilia driven flow on the ciliated epithelium of Xenopus tropicalis embryos [20] . Follow up studies by the same group further expanded the measurement to three dimensions [21, 22] .
In this manuscript, we presented an ex vivo demonstration of OCT characterization of intact human tracheobronchial ciliated epithelium. Both qualitative and quantitative studies on CBF and cilia driven flow were conducted. To our best knowledge, this is the first study on concurrent measurements of cilia distribution, CBF statistics, and flow dynamics in an ex vivo human tracheobronchial specimen.
METHOD Sample Preparation
This study used only de-identified human tissue, which was reviewed by the Columbia University Institutional Review Board and deemed not human subjects research. Human tracheal/bronchial tissues were obtained from discarded regions of healthy donor lungs at the time of surgical lung transplantation and processed as previously described [23] . In brief, regions of trachea or mainstem bronchi that were trimmed in preparation for anastomosis of the donor lung to a recipient's mainstem bronchus were collected and immersed in Gibco Medium 199 (Fisher Scientific, Waltham, MA) and bubbled overnight in 5% carbon dioxide and 95% oxygen at 48C. The tissue was carefully dissected without damaging the ciliated epithelium, and cut into 10 mm by 10 mm rectangular patches. The tissue was warmed in a water bath at 378C right before the imaging experiments. All patches were kept in Medium 199 during transport, warming, and imaging.
Experiment Procedure
During the experiment, one patch of the tissue was placed in Medium 199 in a 35-mm glass petri dish (Fisher Scientifics) with the ciliated epithelium facing upward. The petri dish was heated by a close-looped heating platform (TC-423C, Warner Instruments, Holliston, MA) at 378C, while the platform was placed under the sample objective of the 1,300 nm spectral-domain optical coherence tomography system (SD-OCT) (Telesto I, Thorlabs, Munich, Germany) and a custom built 800-nm high resolution SD-OCT system [24] . For flow imaging, 20 ml 0.0099% solids 5.15-mm polyester microspheres (Bangs Laboratories, Inc., Fishers, Indiana) were added to the solution as contrast enhancement agents.
Specifically, a total number of 14 samples (sample 1-14) were imaged. Seven samples were imaged by the high resolution system and 12 samples were imaged by the Thorlabs system, among which five samples were imaged by both systems. Speckle variance analysis was conducted on datasets from both systems for all samples. Flow analysis was only conducted on Thorlabs datasets for 12 samples, while temporal frequency analysis was only conducted on high resolution datasets for six samples. The number of datasets acquired from each system was limited due to the reduced viability of the samples over time under the current experiment protocol.
Image Protocol B-scan imaging. Two-dimensional cross-sectional OCT images were obtained from human tracheobronchial tissues. The FOV was set to 4 or 2 mm (length) by 2.51 mm (depth) for Thorlabs system and 2 mm (length) by 1.78 mm (depth) for high-resolution system. The axial resolution for Thorlabs and high-resolution system were 6.5 mm and 2.72 mm, and the lateral resolution for Thorlabs and high resolution system were 15 and 5.52 mm, respectively. For each B-scan location, 200 frames were acquired consecutively at 28 kHz A-line rate by Thorlabs system and 42 kHz A-line rate by high-resolution system, respectively. For Thorlabs Telesto system, the data was acquired at a frame rate of 13.5 Hz and each frame included 2048 A-lines, and for the high-resolution system, the frame rate was 84 Hz and each frame consisted of 500 A-lines.
Volumetric functional imaging. Three-dimensional functional images were only acquired by using highresolution system. A special scanning protocol was programed in LabView (National Instruments, Austin, TX). The FOV was 2 mm (length) by 4.4 mm (width) by 1.78 mm (depth). For each width location, 30 consecutive B-scans were acquired at 42 kHz. The step size in width direction was 100 mm.
Histology Processing
The tracheobronchial tissue samples were fixed in 10% neutral buffered formalin solution for 24 hours. They were then transferred to 70% ethanol, dehydrated, embedded in paraffin and sectioned as per standard protocols by the Histology Service Center of the Molecular Pathology department at Columbia University Medical Center. For each specimen, ten 5-mm-thick tissue sections were taken with 100 mm displacement. The tissue sections were stained by H&E and digitalized by using an Aperio system (Leica Biosystems, Germany) at 40Â. ImageScope (v12.1.0.5015, Aperio Technologies, Wetzlar, Germany) was used to review and export the digital images.
Post Processing
Intensity B-scan image. For intensity B-scan images, we were mostly interested in the structural information and its correlation with the histology slides. Therefore, the raw images were first spatially filtered by a 3 Â 3 median filter (2.93 or 5.86 mm Â 14.7 mm for the Thorlabs system, and 12 mm Â 5.21 mm for the high resolution system) frame by frame to reduce the salt-and-pepper noise. The preprocessed data were then averaged for four consecutive B-scans to further improve the contrast. The histogram of averaged B-scans was adjusted in ImageJ for best visual effect.
Speckle variance contrast for cilia mapping. The time-series B-scan images were processed in a way similar to that reported in Ref. [18] . No preprocessing was performed. The standard deviation of the raw intensity OCT image was first calculated over 200 frames acquired. The calculated standard deviation map was then normalized by the intensity pixel-by-pixel and thresholded by a binary mask to suppress both the high intensity background as well as the dense part of the mucus. The binary mask was obtained by thresholding the minimum intensity projection of the B-scan image stack.
Temporal frequency analysis on the ciliary beat frequency. By taking advantages of the higher axial resolution of the custom-built system, we performed a temporal frequency analysis on the time-series B-scan images following the method reported by Wang et al. [19, 25] . The imaging configurations as described in section "B-scan imaging" were the same, except the number of the frames acquired for analysis was increased to 1,350. 1D Fourier transform was performed on the time-series data in a pixel-by-pixel manner. For each pixel within a B-scan, a temporal spectrum was obtained. We then looked for a dominant frequency with maximum power spectral density corresponding to the CBF in the temporal spectrum in the range of 3 to 20 Hz. The amplitudes of the dominant frequencies were first thresholded to create a binary mask. Color-coded maps were used to visualize the spatial distribution of the dominant frequencies as well as the peak amplitudes above the selected threshold.
Qualitative flow imaging. The flow image was presented in two ways after we subtracted the static background from the raw image. In the first approach, we took the maximum intensity projection (MIP) of acquired 200 B-scans that provided a direct visualization of the beads moving trajectory over time. In the second approach, 200 B-scans were used to construct a color-encoded timeelapsed flow image as described in [20] . This color-encoded flow image provided us with additional qualitative perception of the flow rate.
Quantitative flow analysis. We also implemented a quantitative flow analysis to further analyze the flow direction, flow rate, and regional particle statistics. The entire process can be divided into four stages: preprocessing the raw image, locating microspheres within each image, matching microspheres between adjacent frames, and visualizing and calculating the results.
The preprocessing was similar to that described in section "Intensity B-scan image"; the images were spatially median filtered and the background was suppressed by using MIP. The preprocessed images were thresholded to produce a series of binary masks, where only the highly scattering microspheres were preserved.
We then calculated the centroid of each microsphere based on the mask frame by frame. After locating all the microspheres in the first frame and recording their location in stacks, we paired the microspheres from the next frame based on following criteria.
The microsphere #m in i th frame was paired with the microsphere #n in (i þ 1) th frame if and only if the nearest neighbor of microsphere #m in (i þ 1) th frame is #n and the nearest neighbor of microsphere #n in i th frame was #m. The presumption was that the inter-frame displacement (velocity) of each microsphere was relatively smaller than the distance between neighboring microspheres. In other words, as long as the frame rate was high to keep the interframe displacement low, we could always correctly pairing microspheres from frame to frame.
After pairing, the coordinates of the microspheres in the second frame were pushed into the corresponding stacks. By repeating this procedure, we created a series of stacks, each of which corresponded to a unique microsphere. The stacks saved all the evolved coordinates of the microspheres, and the length of an individual stack represented the life time of a microsphere. Therefore, based on the data, we evaluated the parameters of our interest such as the microsphere traveling velocity and its distribution.
RESULTS

OCT Structural Image
To show the usefulness of OCT, we took OCT images from multiple human tracheobronchial samples, and compared them with their corresponding H&E stained tissue section. Figure 1 shows a comparison between the OCT images and the corresponding H&E stained section for the intended FOV. The OCT images were taken by using Thorlabs Telesto I system. From the structural OCT images, we could clearly see the structures such as mucus gland duct (MD), mucus secreting glands (MG), and perichondrium (P) with high contrast. However, the boundary between ciliated epithelium (CE) and basement membrane (BM) was not well discriminated in OCT images other than Figure 1(a) , which was mainly due to the limited axial resolution and low optical contrast between these two layers. The mucous layer was not visualized in the H&E tissue sections due to its removal during tissue processing.
Other than the structural images that showed the morphology of the tracheobronchial tissues, OCT images also provided us with an intriguing perspective about the way MCC functions; The OCT B-scan in Figure 2 illustrates that mucus is secreted from the human mucus gland duct as previously described by Liu et al. in swine trachea [16] . It is worth noting that in these ex vivo preparations, the OCT visible mucus was the one that was actively secreted by the mucus grands and highly scattering, but as the mucus became more hydrated and less dense, it became less scattering and OCT invisible. In addition, the active secretion of mucus visualized during the imaging process demonstrated the viability of the intact tissue.
Speckle Variance Image of Ciliated Epithelium Layer
Although the OCT systems used in this study did not have sufficient resolutions to directly visualize individual cilium structurally, we could indirectly identify intact ciliated regions through speckle variance images as reported in literatures [18, 26] ; as the beating of cilia resulted in fluctuations of the acquired OCT image's intensity. Therefore, we can separate the intact ciliated epithelium from the cilia-denuded regions by using the method mentioned in section "Speckle variance contrast for cilia mapping." We presented a resultant image by processing Figure 1 (e) in Figure 3 , where we also compared the resultant speckle variance image with its corresponding H&E stained tissue section. We could see that an intensified layer covered most of the sample in Figure 3 (c), which was very likely due to high ciliary motion. The speculation was further confirmed by the corresponding H&E stained section. One zoom-in region from the Figure 3 (c) is shown in Figure 3(d) , where we can see a uniformly intensified layer on the epithelial surface. From the corresponding H&E stained section in Figure 3 (e), we could verify that the entire region was covered by dense cilia. On the other hand, we selected another region that shows a discontinued layer of intensified variance in Figure 3 (f). Comparing it with its corresponding H&E stained section (Fig. 3(g) ), we can recognize that the discontinuity of the layer indeed stemmed from the absence of the cilia.
Then, a volumetric visualization of ciliated epithelium of human trachea was presented in Figure 4(a) , where the speckle variance was color-encoded, thresholded above 0.5, and overlaid against a volumetric OCT dataset. A side-by-side comparison between the structural OCT B-scan and its functional counterpart was also given. In the volume, we can see that the ciliated epithelium only covered the right half of the sample. We believe this might be ascribed to physical injury sustained by the sample during the excision and handling, in which the left half of the ciliated epithelium was denuded by external forces.
Temporal Frequency Analysis on the Ciliary Beat Frequency
The CBF of 11 regions of three donor samples that were immersed in medium were measured. The mean CBF was 8.6 Hz with a standard deviation of 1.0 Hz. For comparison, the CBF of another 9 regions from four donor samples were imaged without immersion in medium. The mean CBF was measured 5.3 Hz with a standard deviation of 0.8 Hz. We presented a color-coded spatial map of peak amplitudes of dominant frequencies of ex vivo human trachea samples taken by the custom-built system in Figure 5 (a). This sample was imaged without being immersed in medium and with an intact dense mucus layer. The pseudo-color map, which indicated the location of the motile cilia, was overlaid with the original intensity OCT image.
By comparing the temporal frequency analysis results with the speckle variance image presented in Figure 5 (b), the ciliated epithelium on the surface of the tissue was recognized by the temporal frequency analysis, and the mucus artifact presented in speckle variance images were mostly rejected. For example, the artifacts due to the image, where the ciliated epithelium has a higher variance than other parts of the sample. It is visualized as a layer on top of the specimen. Two zoom-in regions (d) and (f) of the speckle variance image and their corresponding zoomed-in H&E stained tissue (e) and (g). In (d), the entire specimen is covered by ciliated epithelium as confirmed in (e). In (f), there are two regions, where no high contrast layer-like structure is presented. Those two regions are not covered by cilia, as verified by the H&E stained tissue (g). The images were imaged by Thorlabs Telesto system. NC: cilia-denuded. C: ciliated epithelium. Note: the protrusions that C1 pointed to in (f) is an interpolation artifact instead of cilia. The cilia are represented by the high intensity layer beneath. mucus presence in the left part of the speckle variance image were rejected by the temporal frequency analysis. Zoomed-in views of the ciliated epithelium region were provided in the insets.
In Figure 5 (c), the dominant frequencies were colorcoded and overlaid with the original OCT image. The mean CBF was measured 6.5 AE 0.47 Hz. We also picked two locations, one on the ciliated epithelium and the other off, and plotted their temporal spectra in Figure 5 (d). The red curve, which represents the ciliated epithelium, shows a dominant frequency around 8 Hz, while the spectrum of the cilia-denuded epithelium (blue curve) was more randomly distributed. The mean CBF we measured from the samples was slightly smaller than expected, which can be ascribed to the imperfect tissue preservation protocol.
Qualitative Flow Image
In Figure 6 , we presented the results by applying both the MIP and color-encoded time-elapsed imaging as mentioned in section "Temporal frequency analysis on the ciliary beat frequency." The MIP cilia-driven fluid flow patterns from two human tracheobronchial samples were visualized in Figure 6 (a) and (c), while their color-encoded counterparts were illustrated in Figure 6 (b) and (d). The time span for all the images was 16.627 s. The MIP images provided us with a general idea of the flow pattern; the particle path-lines roughly followed the surface topography of the tissue at the beginning, and then they started to circulate whenever the flow was blocked by the dense mucus areas. On the other hand, the color-coded images offered a semi-quantitative picture; the frequency of the change in color could help gain a basic view of the flow rate.
Quantitative Flow Analysis
The dataset from Figure 6 (a) was used in this quantitative flow analysis following the procedure in section "Qualitative flow imaging." The results are illustrated in Figure 7 . The direction of each arrow represents the local averaged direction of particle movements, and the averaged particle velocity was color-and length-encoded. In Figure 7 (a), we further focused on the statistics of the particles that were in the closest proximity of the ciliated epithelium as shown in the red box. A total number of 2,251 microspheres were tracked and the mean velocity is measured 54.9 mm/s with a standard deviation of 12.3 mm/s, and a corresponding histogram is presented in Figure 7 (b).
Here we are not providing an aggregated flow statistics of all 10 samples we have imaged with contrast agents. The rationale behind is that we believe the flow rates velocity we measured were influenced by multiple variables such as the medium viscosity, beads mass density, ciliary motion, and sample morphology. This makes a complete aggregated flow statistics less informative.
DISCUSSION
To our best knowledge, this is the first time that ciliary motion on human tracheobronchial tissue as well as its induced flow is simultaneously analyzed by using OCT. With the help of functional OCT technique, speckle variance imaging, we successfully differentiated the ciliated epithelium from its cilia-denuded region. The results were validated by corresponding H&E stained sections. We were also able to directly measure the CBF and its statistics. Moreover, both qualitative and quantitative flow analyzes were performed to assess the ciliainduced flow direction and rate.
The Effect of Residual Mucus
One of the issues we had encountered in our speckle variance imaging was the adverse influence from the residual dense mucus layer. As illustrated in both Figures 1(e) and 3(c) , the dense mucus layer not only scattered excessive light in structural image, but also introduced noises in speckle variance images and reduce the visibility of cilia. However, it was possible to utilize the temporal frequency analysis to spectrally filter the signal and reject the noises from the mucus. As we presented in Figure 5 , the ciliary activities induced dominant frequencies in the temporal frequency domain, and we could use both amplitude and frequency of the dominant frequencies to differentiate the cilia against the mucus [19, 25] . It is worth mentioning that the mucus located in the proximity of the ciliated epithelium possessed a similar dominant frequency as the underlying cilia. However, its peak amplitude was much lower than that of the underlying cilia, and we could reject those signals by carefully thresholding the peak amplitude.
The Particle Tracking and Flow Rate Measurement
The particle tracking algorithm we used in this study heavily relied on the presumption that the distance traveled by one microsphere within two consecutive frames was less than the minimum distance between the microsphere and its neighbors. This effectively confined our dynamic range in terms of rate measurement; for a fixed microsphere density, the higher frame rate, the faster flow rate we can detect with better accuracy.
Furthermore, we placed a realistic check on the measured inter-frame displacement to eliminate the possibility of mispairing a microsphere with its nearest neighbor, when it is moving out of the field-of-view. The maximum allowed inter-frame displacement is set to 20 mm, which is corresponding to a flow rate of 273.4 mm/s at 13.5 frame/s. While we didn't measure the smallest detectable velocity, if it is assumed that the smallest The temporal spectra of two locations. The red curve represents the ciliated epithelium, and the blue curve represents the cilia-denuded epithelium. We observed an 8 Hz peak on ciliated epithelium. The original intensity OCT image was averaged 4 times. All images were taken by the custom-built high-resolution SD-OCT system. CE, ciliated epithelium; CD, ciliadenuded epithelium. displacement is single-pixel, then for a total frame of 200 (a duration of 14.8 s), the minimum detectable rate was 0.066 mm/s in x direction and 0.33 mm/s in y direction.
It is also worth noting that the measured flow rate might be underestimated due to the imperfect alignment of the B-scan direction and the superior-inferior axis of the airway. Currently, the alignment relied on visual inspection. After roughly finding a B-scan angle with fastest flow rate, we rotated the B-scan direction by 908 and inspected the movement of microspheres. If the microspheres did not present any horizontal movement in this orthogonal direction, we considered the original B-scan direction is aligned. On the other hand, if we took an MIP image at the orthogonal direction of a well aligned B-scan direction, we would see an increased density of microspheres in addition to a high-contrast cilia layer as illustrated in Figure 8 . To better estimate the flow rate, the incorporation of three-dimensional flow velocimetry could be a viable solution [21] .
Study Limitations
The human tissues we received were discarded samples from healthy donors. The tissues were bubbled with 95% oxygen and 5% carbon dioxide in medium 199 in the operation room to maintain viability until imaging. This process diluted the mucus concentration from what would be observed in vivo. We observed that dense and thick mucus layers reduce the ability to observe the cilia-induced speckle variance signals. Moreover, the presence of mucus prevented microspheres from reaching the ciliated epithelium and thus made it difficult to conduct flow analysis. On the contrary, temporal frequency analysis was robust against the presence of the mucus as shown in section "Temporal frequency analysis on the ciliary beat frequency" and Figure 5 . In the future, flow dynamics can be conducted by tracking inherent scatters within thick and dense mucus, as within samples from CF patients, and we can also conduct OCT imaging within physiologically relevant mucus environment that are comparable to in vivo situation by utilizing an air-liquid interface experimental setup [27] . One way of doing this is through utilizing the active mucus secretion (Figure 2 ) from the excised tracheobronchial tissue [16] or we can first unload the mucus attached to the sample upon retrieval, and load with newly secreted mucus. Nevertheless, our current system can be helpful in assessing ciliary motility abnormalities that is primarily due to intrinsic ciliated epithelium defects, such as in PCD.
It was also important to control the temperature of the sample through the entire process; the tissue had to be immediately placed in ice after excision, and bubbled at 48C. After the tissue being transferred to the nutrition solution, it was necessary to gradually heat the nutrition solution up to 378C and then maintain the temperature at this level throughout the imaging session by using a heating plate. Higher or lower temperature will lead to reduced vitality of the sample and suppressed viability of cilia [28] , which thus reduces speckle variance or flow rate.
Future Work
Cilia coverage data. The cilia coverage data is of great interest in early detection of primary ciliary dyskinesia (PCD) among children, a disease that stems from intrinsic ciliated epithelial cell abnormalities that affect ciliary motility. It is often termed as "(im)motility index" and is used as one of the parameters in PCD diagnosis [11] . Historically, this parameter was manually calculated and extracted from in vitro cultured cells by researchers or clinicians based on the images taken by electron microscopy or high-speed digital camera. Here in this manuscript, we presented that the (im)motility index can be automatically measured from ex vivo human samples, and the results was then validated by histological slides. Quantification of cilia coverage percentage can also be used in experiments where damage, injury, and regeneration are studied.
Ciliary beat frequency and flowing imaging using contrast agents. CBF is one of the most important parameters in studying MCC. Previously, this parameter was mainly manually measured even with the aid of OCT [16, 29] . Recently, temporal frequency/Fourier analysis was adopted by different groups on different subjects, including mice oviduct and swine trachea [17, 19, 25] . In this manuscript, we presented a similar demonstration on ex vivo human trachea. One of the highlights of our study is the presence of dense mucus; we presented that the temporal frequency analysis is robust against a mucus layer up to 0.4 mm.
With the capability of measuring CBF with mucus layer, we could further seed contrast agents in the mucus layer, and measured the flow rate simultaneously. The combined knowledge of CBF and flow rate could provide us with more insights about the biomechanics of the ciliary beating as well as the MCC in ex vivo models.
CONCLUSIONS
In this manuscript, we reported ex vivo characterization of human tracheobronchial tissues by using OCT. Both structural imaging and two types of functional imaging were performed. By using speckle variance imaging, we could differentiate the ciliated epithelium from the No particle path-line is presented. The left half of the sample has much higher microsphere intensity than right half, which implies the ciliary motion is stronger in the left half than that of the right half. The images were imaged by Thorlabs Telesto system. denuded-ciliated regions in both B-scans and volumetric images, and the results were validated by histological analysis. We also conducted both qualitative and quantitative flow studies by adding micro-scale contrast agents to construct flow patterns, which makes this platform promising for the study of normal and pathological ciliary function and for the development of future therapeutics for the modulation of mucociliary clearance. Additionally, it can serve as a functional diagnostic tool for those with suspected ciliary motility abnormalities, such as in primary ciliary dyskinesia (PCD). Compared with previous OCT studies on ciliary motion, this was the first time that both cilia distribution and flow dynamics are simultaneously obtained from a human tracheobronchial specimen. The incorporation of the real morphology of human tissue as well as the residue mucus made this study valuable.
